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abstract 


j.'ns  concent  oi  crack  giovth  resistance  curve 
(E-curve )  has  been  applied  to  random  fiber  glass  co&pesices 
and  analytical  relatione  for  R-curve s  have  been  obtained. 
The  effect  of  thickness  and  the  procedure  of  lamination 
is  studied.  It  is  found  that  thickness  does  not  affee* 
sign ificantly  the  fracture  characteristics.  The  analytical 
reactions  for  R— curve  me  used  to  predict  the  residual 


Etre-oUi  characteristics  and  the  fracture 


toughness. 
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3»nd  Lrou t«*an  ^  ^  hciV6  sippiisd  £&€*  cpscIc 
growth  resistance  method  for  random  fiber  polyste: 
composites  and  showed  that  the  2^-  curve  is  independent 
of  initial  crack  length.  Based  upon  their  study 
con eluded  that  the_Kp-  curve  concept  could  be  an  usjpff8 
aPproach  to  study  the  fracture  behaviour  of  such 
since  substantial  amount  of  slow  crack  growth  occursC^ 
prior  to  unstable  fracture. 
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This  paper  too  attempts  to  characterise  tue  fracture 
behaviour  of  fiber  reinforced  glass  composites  using  il- curve 
approach  and  obtains  the  analytical  relations  for  R-curves. 
An  approximate  relation  for  critical  stress  intensity  factor 
(fracture  tougnnese  K^)  is  presentee. 


MATERIAL  PREPARATION  AND  EXPERT???: IAL  PROCEDURE  : 


The  specimens  used  in  the  experimental  program  were 
prepared  by  Preiorite  Ltd.,  U.K.  using  Chopped  Strand  ^»rt 
( CSLI)  ir.  Z  7  Rigid  resin.  The  laminations  designated  as  A, 
B  and  C  were  prepared  in  the  following  manner  : 

A  :  4  layers  of  .45  kg/  m2  CSLI  in  4-7  Rigid 

resin  (thickness  yu  3.5  mn). 

B  :  16  layers  of  .45  kg/m2  CSM  in  Z-7  Rigid 

rosin  (thickness  ^  13  Qi). 

C  ;  16  layers  of  .45  kg/m2  CSwI  in  Z-7  Rigid 

resin,  prepared  over  a  period  of  4  days  curing 
4  layers  of  CSM  in  resin  each  day .( thickness 
-v-  13  mo). 
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The  specimens  were  cut  to  size  of  about  125  x  GOO  mm 
and  provided  with  an  edge  notch  by  means  of  .5  ram  saw.  This 
was  further  sharpened  using  a  .15  mm  saw.  fill  specimens 
wex'e  rested  under  load-controlled  conditions  in  an  Avery 
Denison  fatigue  testing  machine.  During  each  test  the 
applied  load  and  pseudocrack  opening  displacement  (COD) 
were  monitored  and  recorded  continuously  on  an  X~f  plotter. 
The  COD  was  measured  by  a  double  cantilever  clip  gage^^ 
as  shown  in  Fig.1 . 

The  ioad-COD  curves  as  recorded  are  given  in 
Figures  2,3,  and  4  for  laminates  A,  B  and  C  respectively. 
These  curves  are  found  to  be  linear  initially  followed  by 
almost  continuous  deviation  from  linearity  indicating  a 
slow  crack  growth  prior  to  fracture.  Since  the  composites 
tested  do  not  show  any  visible  self  similar  cra?k  growth 
such  as  occurs  in  Esta.,! ,  s'1  effective  crack  length  matching 
the  compliance  based  on  COD  was  used  to  construct  crack 
growth  resistance  R-curves.  rue  compliance  was  obtained 
using  the  initial  straight  portion  of  load  displacement 
records  at  various  initial  crack  lengths.  This  compliance 
was  plotted  against  a/w  as  shown  in  Fig.  5  to  obtain  the 
effective  crack  lengths.  The  procedure  to  obtain  effective 
crack  length  is  as  follows: 

1  )  As  shown  in  Fig. 6,  a  straight  line  is  drawn  from 
the  origin  to  the  selected  point  on  the  load -displacement 
curve.  The  Inverse  of  the  slope  of  this  line  is  the 
compliance. 


A 


i  Hiis  compliance  hogetuer  with  the  Cci.Iibraticn 

cur/e  K?ig.5)  jives  the  effective  crack  length.  The 
procedure  can  be  repeated  for  o+hcr  points  on  the  load- 
hOD  curve  ’■o  get  additional  values  of  effective  c rack 
lengths, 

BVAllJATIOII  c?  R- curves  : 


Crack  growth  resistance  —  R  is  defined  as 
2 


R  = _ h_  _  J.  y2 


a  > 


..  (1) 


vh  ere , 


a  Ls  the  effective  .instantaneous  crack  length 
corresponding  to  stress  , 

Y  is  finite  width  correction  factor  defined  by 

Y  =  1.39  -  .41  (a/w)  +I3.7(a/w)2  -33.48  (a/wP 

+  53.85  (a/wp  ...  (2) 


and  B  is  the  Toung's  modulus  of  the  material. 

The  variations  of  Kg'"  with  effective  crack  length 
a  are  shown  in  figure  7  to  9  for  laminates  A,  B  and  0 
respectively.  The  figures  indicate  that  the  KD  -  effective 
crack  length  relationships  appear  to  be  nonlinear.  Prom 
Pig. 9  it  is  seen  that  the  Kg  -  curves  are  similar  for  all 
the  initial  crack  lengths.  The  maximum  value  of  Kg  do  not 
vary  significantly  with  initial  crack  length  but  ICR  at 
crack  growth  initiation  varies  to  some  extent.  This 


r 

j 


indicates  that  crack  growth  resistance  may  be  independent 

of  initial  crack  length  which  is  confirmed  by  Fig.  12  where 
..  2  , 

ms  ocen  pact  ted  as  a  function  of  crack  extension 
(  a  =  a  -  a0)  for  laminates  £.  The  scatter  from  Bean 
line  is  small. 


■■rem  Figures  7  ana  9  it  is  difficult  to  make  such 
conclusive  statement,  as  to  whether  one  could  consider 
Krj  to  be  independent  of  initial  crack  length  as  all  the 
panels  do  not  lead  to  consistent  behaviour,  though 
maximum  does  not  vary  significantly  except  in  a  few 
cases . 


Superposition  of  Figures?  and  8  reveals  that  the 
Kj^  curve  for  atleast  ac/w  =  0.2  is  almost  identical, 
indicating  that  crack  growth  resistance  may  be  independent 
of  laminate  thickness.  However,  more  data  will  be  needed 
to  substantiate  this  statement.  Despite  such  variations, 
the  interesting  feature  of  these  results  is  that  the 
average  of  maximum  K-,  (denoted  as  K,  in  Table  III)  is 
practically  same  for  laminates  A,  B  and  C  respectively. 

The  R-curves  can  be  used  to  predict  the  crack 
instability  point  by  plotting  the  crack  driving  force 
curves  with  c~  as  a  parameter  (Fig.10)  using  the  equation 


K 


2 


a 


•  o  • 


(3) 
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•  -■  x^or  es  /  ,  e  and  9  where  such  curves  have  not  been 

otualxy  sncwn.  The  point  of  tangency  between  R- curves 
an-  ,rac-r  driving  force  curve  determines  the  point  of 
instability,  rev  the  present  cases  such  points  cf 
tu.4fc.fwny  were  not,  Deserved  in  all  cases.  Thus  in  such 


r  3 

.ses 

the  i 

maximum  value 

of  K- 

C  0 

i  r  t  p'  r 

icre  d 

as  critical 

which 

Ta 

Me 

III. 

!h?  average 

Ko  £ 

.a._e  -x-.  in?  average  are  found  to  be  practically 
same  lor  laminates  A,  B  and  C  indicating  that  Value 
at  instability  is  invariant  with  thickness  and  the 
procedure  of  lamination. 


These  n— curves  can  also  be  used  to  calculate 
candidate  stress  intensity  factor  using  a  crack 
extension  of  2k  of  jrrtial  crack  length  similar  to  one 
used  by  Jones  and  Brown ^  r ^ f or  some  metallic  materials. 

The  values  of  so  determined  are  indicated  in  Table  III 
a.d  are  found  to  be  varying  with  initial  crack  length. 

Due  to  such  variation  probably  XQ  may  not  be  treated  as  a 
characteristic  parameter  as  critical  stress  intensity  factor, 
Also  .ndiooued  in  this  table  are  the  values  of  K  obtained 

HLclX 

on  the  basis  of  maximum  load  and  initial  crack  length. 

The  average  do  not  differ  very  much  between  laminates 

A,  B  and  Ch 

-draft  eu.al  have  proposed  R~curves  to  be 
invariant  i.e.  independent  of  intial  crack  length. 

Then  R- curve  would  be  a  function  only  of  the  am  mint  of 
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slow  crack  growth  /ia.  To  verify  this  statement*  th. 
variation  of  KRd  with  effective  crack  extension  ha/'v, 
are  clotted  on  double  logarithm  scale  in  F~gs.11,  nod 
i3.  It  is  depicted  from  these  figures  that  thero 
linear  relationship  between  log  K?^  and  log  ( h  a/v) . 
Using  the  method  of  least  squares  the  mean  lines  were 

determined  and  are  shown  on  these  figures.  It  is 
obvious  that  the  deviation  from  the  mean  linos  is  small 
and  is  almost  negligible  in  the  case  of  laminates  B. 

In  view  of  small  deviation,  R-curve  can  bo  considered  to 
be  function  of  *  a  only  and  may  bo  represented  oy  sample 
power  law 

R=mL=l  «Wvf  •••  W 


where  tL  and  fi  for  laminates  A,  B  and  C  are  given 
by  Table  I. 

TABLE  -1 

Constants  for  R-curve  equation 


Laminates 


cxl 

ho 

539*5 

29 

39o  .1 

MS 

cfo*  ^ 

P  w  i  • 

o 


9 


=  1*  2  a„  X*  Cw'x)-1 


1+  2  '£*  ac  Y(i  )  v  _1 


...  (io) 

...  di) 


~  o  ±/l)  (a/v)  |  a=  a 


...  (12) 


a  and  a  arc  initial  and  critical  crack  length 
o  c 

respectively  and  Y  is  given  by  equation  (2). 

The  equations  C'5''  and  (9)  load  to  the  determination 
of  critical  .  stress  37  and  critical  crack  length  ac  . 

Uhen  edge  effects  arc  negligible  i.e.Y*-  ~  0 
and  Y  =  const,  the  equations  (6)  and  (9)  yield 


and 


-0  =  V(1-K) 

Cl—  -0  /l--  _  consg 


.  . «  v  1 3 ) 

...  (14) 


which  are  identical  to  one  derived  by  Broek^  ,P»188)  ^ 


To  show  the  usefulness  of  equations  (8)  and  (9) 
a  /w  and  ^r-have  been  plotted  as  functions  a^w  in 
Figs.  15  and  16  where  they  are  compared  with  test  results. 
The  agreement  between  calculated  ana  test  results  is  good. 
Figure  16  also  indicates  that  ^  varies  little  with 
thickness.  These  figures  may  be  useful  in  predicting 
the  residual  strength  of  such  laminates. 
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'  -  —  - auu  \i>j  can  oe  usea  co 
determine  critical  stress  intensity  factor  Kc  correspon- 
dir-  to  critical  strain  energy  ■■  -lease  rote  Gc  as  a 
function  of  a^.  ouch  behaviour  of  KQ  is  shown  in  Figure- 
17  ..aich  indicates  that  the  variation  of  K„  with  a  /v 
is  small * 

Figure  15  depict  the  linear  behaviour  of  ac/v 
v;ith  a  A;  for  a„/w  ->  •  1  5  so  that 


ac/v  ~  n  (a/w)  +  G1  ,  o,/w 


where  m  and  0  are  given  by  Table  -II, 


15 

•  • .  ( 'i  5 ) 


TABLE  -II 

Constants  for  eon. for  critical  crack  length  a 


Laminates 

m 

C1 

A 

.955 

.0625 

B 

.970 

.045 

C 

•  965 

.0675 

Since  variation  of  a^w  with  thickness  in 
Figure  15,  appears  to  be  small,  a  single  line 

acAr  =  *9625  (ac/w)  +  .0 5375,  ac/w  7  .15  ...  (16) 


may  be  used  to  represent  laminates  A  and  B  within  small 
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error.  Thus  we  my  get  an  approximate  relationship  i or 

critical  stress  intensity  factor  Kc  using  equations 

(16)  and  (5)  as 

.1725 

n,  ~  13.G6  <1  -.7  aQ/w  i  a(/w>.l5 

...  Ci7) 

which  nay  be  considered  as  a  fracture  toughness  parameter. 

CONCLUSIONS  : 

1  .  Due  to  slow  crack  growth  prior  to  fracture ;  P.-eurves- 
are  found  to  be  useful  to  provide  full  information 
n  the  fracture  resistance  of  the  material  upto  the 
final  fracture. 

2.  Average  value  of  at  point  of  instability  is 
practically  same  for  all  laminates. 

3.  The  effective  crack  growth  at  instability  point 
varies  with  initial  crack  length  and  the  extension 
in  general  is  large  in  case  of  laminates  C.  This 
indicates  that  the  critical  stress  for  laminates  C 
should  be  smaller  than  laminates  A  or  3.  Thus  it 
appears  disadvantageous  to  prepare  laminations  with 
large  interval  of  times. 

4.  A  simplified  expression  for  critical  stress  intensity 
factor  or  fracture  toughness  KQ  is  given  by  eqn.(l7) 
which  may  be  found  useful  for  quick  estimation  of 
fracture  toughness  for  such  materials. 
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